Introduction {#s1}
============

Regenerative medicine will benefit from an understanding of the mechanisms by which pluripotent/multipotent cells give rise to differentiated progeny. Multicellular organisms despite having cells with identical genetic information have morphologically and functionally distinct tissues. We now know that cellular differentiation and tissue morphogenesis in these organisms is brought about by epigenetic and transcriptional regulation of genes and post-translational modification of proteins \[[@R1]\]. The DNA in cells is organized into higher order structures via their association with highly basic histone proteins. Heterogeneous dimers of histones H3/H4 and H2A/H2B form an 8 histone core around which is wrapped 147bp of DNA, together forming the nucleosome \[[@R2],[@R3]\]. The H1 and avian H5 histone \[[@R4],[@R5]\] serve as linkers between successive nucleosomes to establish the highly organized chromatin structure. The amino terminal ends of the histones in the nucleosome core are subject to several post-translational modifications primarily on specific Lysine (K) and Arginine (R) residues. These modifications greatly influence the local accessibility of the DNA and hence the expressivity of the genes \[[@R6],[@R7]\]. Heterochromatin is an inactive chromatin, whereas the condensation and decondensation of chromatin at gene promoters generally occurs in euchromatin \[[@R8]\]. This review will summarize the epigenetic mechanisms prevalent in the developing kidney with a view on form and function.

Congenital abnormalities of the kidney and urinary tract (CAKUT) affect one in 500 newborns and account for 20 to 30 percent of birth defects \[[@R9],[@R10]\]. CAKUT predisposes children to chronic kidney disease and hypertension associated with significant morbidity and mortality \[[@R11]\]. A vast majority of CAKUT cases are non-syndromic whose etiopathogenesis have yet to be fully characterized. These non-syndromic forms of CAKUT exhibit phenotypic variability and are suspected to have an epigenetic basis \[[@R12],[@R13]\]. Thus, unravelling the epigenetic mechanisms of normal renal development could prove useful in both the prevention and treatment of CAKUT.

Epigenetic Modifiers and Modifications {#s2}
======================================

Epigenetics refers to dynamic, covalent modifications to the DNA and associated histone proteins that affect gene expression and are involved in chromatin remodeling \[[@R1],[@R13]\]. Although heritable, these modifications are not encoded in the DNA sequence but form a part of the cellular memory \[[@R12]\]. They are vital to the establishment and maintenance of cellular identities in differentiated cell lineages. The generation of induced pluripotent stem cells from adult cells involves erasing this cellular memory \[[@R14],[@R15]\]. Some of the most well-known histone modifications are acetylation, methylation, phosphorylation, and ubiquitination.

HATs and HDACs {#s2a}
--------------

Histone acetyl transferases (HATs) and Histone deacetylases (HDACs) mediate the addition and removal of acetyl groups from various histone and non-histone proteins \[[@R16],[@R17]\]. Lacking a DNA binding domain, HDACs access their target genes through their association with several protein complexes (i.e., Sin3 complex, NuRD complex, Co-REST complex, and SMRT/N-CoR complex) \[[@R18]\]. This association with different protein complexes is what confers the spatial and temporal specificity of HDAC-mediated gene expression. Some of the non-histone proteins that are subject to HDAC regulation are p53, STAT3, YY1, GATA1, E2F1, tubulin, and Hsp90 \[[@R19]-[@R21]\]. HDACs are broadly grouped into four classes based on their homology to yeast homologues\_ Class I: constitutes HDACs 1-3 and 8; Class II: HDACs 4-7, 9, and 10; Class III: Sirtuins 1-7; Class IV: HDAC 11 \[[@R22]\]. Histone acetyltransferases CBP and p300 are essential for maintaining the morphological integrity of the kidney \[[@R23]\].

Expression Profile of HDACs and their Roles in the Developing Kidney {#s2b}
--------------------------------------------------------------------

In the kidney, HDAC 1-4, 7, and 9 expression is elevated prenatally but declines upon maturation into the adult kidney \[[@R22],[@R24],[@R25]\]. Immunostaining localizes HDAC 1, 2, and 3 to the undifferentiated metanephric mesenchyme, dichotomizing ureteric branches, and the stroma. HDAC3 also localizes to podocytes. By contrast, HDAC 5, 6, and 8 are constitutively expressed. The renal microvasculature expresses HDAC 7, 8, and 9. Despite, the spatially and temporally restricted distribution of HDACs the global acetylation levels on histones H3 and H4 remain unchanged during kidney development. This could be indicative of the tight coupling of HAT and HDAC functions during development.

The pan HDAC inhibitor, Scriptaid, causes widespread cellular arrest and apoptosis impairing both nephron formation and ureteric bud branching morphogenesis in *ex vivo* cultures of embryonic kidney explants \[[@R24]\]. Genetic profiles of these Scriptaid-treated explants revealed changes in approximately 12 percent of the gene transcripts probed. The genes most significantly altered belonged either to the cell cycle, canonical Wnt, TGF-b/Smad, cancer, or PI3K/AKT pathways. These assays revealed marked upregulation of CDK inhibitors and tumor suppressors (e.g., *p21*, *p15*, *p19*, *Bop1*, and *Htra1*). By contrast, several of the well-known oncogenes including *c-myc*, *N-myc*, *cyclin D1*, *cyclin J*, *cyclin B2*, and *thymidylate synthase* showed significant downregulation. Notably, the expression of several of the regulators of renal morphogenesis \_Osr1, Eya1, Pax2 and 8,Gdnf, WT1, Emx2, Wnt9b, Wnt4, Sfrp1 and 2, Lhx1 and FoxD1 is contingent upon normal HDAC activity. This finding from explant cultures is further exemplified in Scriptaid treated MK4 cells\_ an immortalized cell line reminiscent of committed metanephric mesenchyme of the developing kidney. In MK4 cell lines, pursuant to HDAC inhibition the promoters or enhancers of developmental regulators *Pax2*, *Pax8*, *Gdnf*, *Sfrp1*, and *p21* become hyper-acetylated. It follows that HDACs are essential for cell survival, cell proliferation, and differentiation processes in the embryonic kidney. De Groh et al. \[[@R26]\] found that HDAC inhibitors were capable of supporting the expansion of renal progenitor cells in the zebrafish pronephros. The establishment of the pronephric kidney field in zebrafish requires the morphogen, retinoic acid. In the absence of this morphogen, retinoic acid receptor dimers bind co-repressor complexes bearing HDACs in order to silence its target genes. The inhibition of HDACs is believed to lower the threshold of retinoic acid needed to activate target genes like *cyp26a1* and allow renal progenitor cell expansion. In conclusion, HDACs modulate retinoic acid signaling to establish the early kidney field. The apparent contradiction in the outcome of HDAC inhibition on cellular proliferation may be intrinsic to differences in pronephros versus metanephros morphogenesis.

Gene deletion and overexpression studies have assigned a developmental role for HDACs 1, 2, and 5 \[[@R27]-[@R29]\]. The conditional loss of HDAC1 or HDAC2 is well tolerated in multiple tissues and the mice are viable. However, co-deletion of HDACs 1 and 2 is detrimental in all tissues examined \[[@R29]\]. This is borne out in the metanephric kidney. Combined loss of HDACs 1 and 2 either from the ureteric bud or nephron progenitors causes renal cystic hypodysplasia and early postnatal death \[[@R22],[@R24], and manuscript in preparation\]. The cap mesenchyme shows premature depletion in the neonates. Absence of HDACs 1 and 2 in the ureteric bud lineage disrupts branching morphogenesis early owing to reduced cell proliferation and elevated apoptosis. In the nephron progenitors, HDACs 1 and 2 do not impart a survival role but instead support cell proliferation. Nephron formation arrests at the renal vesicle stage in these mutants resulting in fewer nephron numbers. Increased acetylation of p53 was noted in both conditional models following the loss of HDACs 1 and 2. The renal developmental pathways most affected were the Wnt, Sonic Hedgehog, and p53 pathways.

Gene-environment interactions: The intrauterine environment can alter the epigenetic landscape enough to impact fetal development \[[@R13]\]. These aberrant epigenetic changes established in utero and perpetuated through multiple cellular generations may form the basis of certain diseases. Fetal malnutrition or utero-placental insufficiency cause fetal growth restriction and low birth weight. Low birth weight is associated with a higher risk for chronic kidney disease, hypertension, diabetes, and cardiovascular disease \[[@R13],[@R30],[@R31]\]. The epigenetic contribution of HDACs in the context of gene-environment interaction is exemplified by the bradykinin B2 receptor (Bdkrb2) null mice \[[@R32]-[@R34]\]. The progeny of Bdkrb2 null mice have no overt phenotype when their mothers are fed a normal salt diet (0.3 percent NaCl) but exhibit renal dysgenesis and perinatal lethality when exposed to high salt stress in utero (5 percent NaCl). Using genetic rescue models and chromatin immunoprecipitation assays a molecular network involving HDACs, p53, and E-cadherin was discovered. The *Bdkrb2* mutant mice under salt stress show direct repression of *E-cadherin* by phosphorylated-p53^Ser23^ following the deacetylation of *E-cadherin* promoter by HDACs. Apart from E-cadherin, the cooperativity between HDACs and p53 extends to the *polycystic kidney disease 1* gene \[[@R35]\]. Therefore, intra-uterine epigenetic reprogramming of gene expression and function is a potential contributing factor in chronic kidney diseases. Phenotypically it can manifest as low nephron endowment, glomerular sclerosis, and compensatory glomerular hypertrophy \[[@R30]\].

Marumo et al. \[[@R36]\] examined the contribution of HATs and HDACs to regeneration following ischemic injury of the kidney. They found that ischemia reduces cellular levels of ATP and HATs causing a decline in histone acetylation levels in the proximal tubular cells of the outer medulla. Subsequently, the inhibition of HDAC5 was essential for the restoration of histone acetylation levels and the induction of BMP7 during the regeneration of the tubular epithelia. HDAC inhibition was also found to improve the therapeutic outcome of polycystic kidney disease in genetic mouse models of the disease \[[@R37],[@R38]\]. In these instances, HDAC5 and HDAC6 inhibition contributed to fewer cysts and less compromised kidney function. HDAC6 has been implicated in ciliary biogenesis, EGFR trafficking, and the regulation of Wnt signaling via its effects on b-catenin. Inhibition of HDAC6 prevents nuclear translocation of b-catenin and lower c-Myc expression which prevents expansion of cystic epithelia \[[@R39]\]. Since, lowering of HDAC levels is permissive for kidney regeneration and polycystic kidney disease management the therapeutic potential of its inhibitors warrants a thorough investigation.

Histone Methylation and Methyltransferases in the Kidney {#s2c}
--------------------------------------------------------

The link between epigenetic regulation and development became evident from studies on *Drosophila*. The histone methyltransferases and their co-factors were subsequently grouped under two main categories: Polycomb or Trithorax. Methylation of histones is mediated by histone methyltransferases (HMTs) and histone demethylases (HDMs). Tri-methylation of lysines 4 and 36 (H3K4me3 and H3K36me3) is commonly indicative of gene activation while di- and tri-methylation of lysines 9 and 27 (H3K9me2/3 and H3K27me2/3) generally signify gene repression \[[@R40],[@R41]\]. Mouse models of diabetic nephropathy have elevated levels of H3K9 and H3K23 acetylation, H3K4 di-methylation and H3 Ser10 phosphorylation \[[@R42]\]. Histone methyltransferase SET7/9 plays a role in inflammation and diabetes \[[@R43]\].

The transcription factors Osr1, Lhx1, Pax2 and Pax8 have significant roles in specifying the renal lineage from the intermediate mesoderm. The expression of Pax2 is essential for the specification of renal epithelia and the formation of the nephric duct \[[@R44]-[@R46]\]. The DNA-binding protein, Pax2 helps recruit the Trithorax-like protein complex, MLL3/4 via the adaptor protein PTIP (Pax-transactivation domain interacting protein) ([Figure 1](#F1){ref-type="fig"}). The MLL3/4 complex is believed to add H3K4me modifications making the chromatin active and permissive \[[@R47]\]. A similar association between Pax5 and PTIP allows chromatin looping at the Immunoglobulin heavy chain locus in B-cells \[[@R48]\]. Pax2 in binding co-repressors Grg4/Tle4 is able to recruit the Polycomb complex which adds repressive modifications to chromatin \[[@R49]\]. Thus, based on the choice of epigenetic co-factors that it binds Pax2 can toggle between activator and repressor of chromatin states.

McLaughlin et al. \[[@R50]\] examined the epigenetic states of nephron progenitors residing in the cap mesenchyme. The self-renewing cap mesenchyme cells are Six2-positive and are capable of committing to the nephrogenic lineage in response to Wnt signals emanating from the ureteric bud. Upon commitment to the nephrogenic lineage the cells begin to express Wnt4, Lhx1, Pax8, and Fgf8. Stage-specific nephron differentiation strongly correlates with dynamic changes in epigenetic modifications to histones both spatially and temporally ([Figure 1](#F1){ref-type="fig"}). Notably, at E15.5, the mouse nephron progenitors in the cap mesenchyme show an equal enrichment of active and repressive marks (H3K4me3, H3K9me3 and H3K27me3). In the nascent nephrons, however, the repressive marks H3K9me3 and H3K27me3 are greatly downregulated. During mid-organogenesis (E15.5) the activation mark, H3K79me3 shows a stronger expression in the inner cortical tubules relative to the nascent nephron and cap mesenchyme residing in the outer cortex. In the adult kidney, H3K79me3 is enriched in the differentiating segments of nephrons and collecting ducts. The abundance of H3K4me3 and H3K79me3 were reciprocal in nature ([Figure 2](#F2){ref-type="fig"}). The former is more abundant in the developing kidney while the latter increases in expression postnatally coinciding with nephron differentiation. The temporal expression levels of H3K9ac, H3K9me3, and H3K27me3 remains unchanged during kidney development \[[@R50]\].

Not surprisingly the distribution of histone lysine methyltransferases (KMT) and histone lysine demethylases (KDM) overlaps that of the corresponding histone marks (Figure 1). Accordingly, the expression of H3K4 KMT, Ash2l resembles that of H3K4me3 within the nephrogenic zone of the E15.5 kidney. Ezh2, a component of the Polycomb repressor complex 2 (PRC2) has a pattern of expression similar to H3K27me3. Both are high in the Six2+ cap mesenchyme. Another member of the PRC2 complex, Suz12 is diffusely present in the cap mesenchyme and nascent nephrons. The H3 lysine 9 KMT, G9a is high in the cap mesenchyme relative to the nascent nephrons. It was also found expressed in the distal segment of the S-shaped nephrons. Similarly, the postnatal drop in levels of the H3K27me3 KDMs, Jmjd3 and Utx explains the steady state levels of this histone mark in the whole kidney pre- and postnatally. Two of the H3K27 KMTs, Ezh1 and Ezh2 are reciprocal in their spatial expression within the developing kidney and may account for the steady state levels of H2K27me3 during embryonic kidney development. The postnatal increase in H3K79me3 levels is similar to that of its KMT, Dot1L \[[@R50]\].

In addition to lysine residues McLaughlin et al also established the distribution of methylated arginine residues 2, 8, and 17 on histone H3. They reported that di-methylated forms of H3R2 (H3R2me2) and H3R17 (H3R17me2) are abundant in the cap mesenchyme and nascent nephrons. By contrast, H3R8me2 expression is stronger in the nascent nephrons \[[@R50]\]. Therefore, HMTs other than KMTs also have specific roles in renal development.

Chromatin bivalency in nephron progenitors: Comparative studies using clonal mesenchyme cell lines, MK3 (reminiscent of uninduced nephron progenitors) and MK4 (reminiscent of Wnt-induced progenitors) lend a better perspective to the distribution of histone modifications and modifiers in the developing kidney \[[@R51]\]. In un-induced MK3 cells, the promoters of renal progenitor genes *Six2* and *Osr1* have strong H3K4me3 peaks around the transcription start sites. In the more committed MK4 cell lines the promoters of these same genes are silenced by the loss of H3K4me3 and gain of the H3K4 demethylase, Kdm5b. The nephrogenic genes (e.g., *Pax8*, *Jag1*, *Lef1*, and *Ccnd1*) in MK3 cells are "bivalent," harboring both activating (H3K4me3) and repressive (H3K27me3) histone marks. This epigenetic "bivalency" is a feature shared with embryonic stem cells (ESCs). A good many regulatory genes in ESCs are said to be poised for differentiation since they carry both activating and repressive epigenetic modifications \[[@R1]\]. When induced to differentiate into specific cell lineages this bivalency gets resolved by the loss or gain of the appropriate modifications. In MK4 cells or MK3 cell lines induced to differentiate with Wnt3a some of the nephrogenic gene promoters (e.g., *Pax2* and *Lhx1*) show gain of H3K4me3 and loss of H3K27me3. Although the resolution of this "bivalent code" is significant for some it does not apply to all lineage specific genes for example *Wnt4* and *Notch2*. Genome wide ChIP-seq analysis of MK3 and MK4 cells lines were also used to compare the epigenetic signatures of certain candidate genes associated with CAKUT. Four recurring themes of epigenetic signatures emerged from these comparisons: genes like *Hoxa11* and *Fgfrl1* with high H3K4me3 in both cell lines; loss of repressive mark H3K27me3 and gain of active mark H3K4me3 as seen with *Blk* and *Wnt7b* genes; loss of H3K4me3 seen in *Hoxa13* and *Tsc2* and finally gain of H3K4me3 on promoters of *Lrp2* and *Setdb1* genes \[[@R51]\].

DNA Methylation {#s2d}
---------------

In eukaryotes, DNA methylation occurs on CpG dinucleotides which are clustered in CpG islands commonly occurring on gene promoters. Aside from CpG islands, these dinucleotides are also found in regions with repetitive DNA sequences and in centromeric regions \[[@R52]\]. They may be distributed within genes or in the intergenic regions. The addition of methyl groups to the cytosine on CpG dinucleotides can modify gene function. The methylation of DNA may prevent the binding of the transcriptional machinery. Alternatively, methylated DNA is bound by methyl-CpG-binding domain proteins (MBDs) which can recruit specific chromatin modifiers to these sites. In cancer, methyl-CpG-binding domain protein 2 (MBD2 or MeCP2) causes transcriptional silencing of hypermethylated genes and has a role in Rett syndrome and autism \[[@R53],[@R54]\]. Several of the tumor suppressor genes are transcriptionally silenced by DNA methylation.

Epigenetics of Disease {#s3}
======================

Cell fate is regulated largely by epigenetic mechanisms governed by cis-acting regulatory marks (on DNA and basic histone proteins) and trans-acting factors/enzymes. The epigenetic code is heritable through successive cell divisions and constitutes "cellular memory." Changes in the density of DNA methylation both locally and globally, incorrect modifications on histones, perturbation of function and distribution of chromatin modifying enzymes represent genetic lesions with distinct pathological outcomes \[[@R55]\].

Loss of Genomic Imprinting and Epigenetic Lesions {#s3a}
-------------------------------------------------

Genomic imprinting is a mechanism by which addition of methylation marks bring about silencing of an allele at a given gene locus. In women, dosage compensation is accomplished by X-chromosome inactivation of imprinted genes \[[@R56]\]. DNA methyltransferase enzymes, DNMT3a and 3b are involved in setting up de novo methylation patterns very early in the development of an organism. DNMT1 functions to copy DNA methylation patterns on to daughter strands as the DNA replicates \[[@R57]\]. This accounts for the perpetuation of methylation patterns though multiple cell divisions. In the kidney, DNA methylation plays a direct role in the genesis of renal fibrosis. Inhibition of DNA methylation using 5'azacytidine protected mice from renal fibrosis \[[@R58]\]. Aberrant DNA methylation was reported in IUGR (intrauterine growth restriction) subjects by Einstein et al \[[@R59]\]. They found that DNA methylation at the *HNF4a* promoter of IUGR subjects increased their susceptibility to Type 2 diabetes.

Monogenic disorders of imprinted genes and components of the epigenetic machinery represent two classes of epigenetic disorders. Loss of normal imprinting on chromosome 11 p15 (*H19/IGF2*) results in Beckwith-Wiedemann syndrome characterized by tissue overgrowth and elevated cancer risk \[[@R60],[@R61]\]. Similarly, Prader Willi Syndrome and Angelman syndrome results from micro-deletions in imprinted genes *SNRPN* (small nuclear ribonucleoprotein polypeptide N) and *UBE3A* (ubiquitin protein ligase E3A) on chromosome 15 \[[@R62]\]. Rett Syndrome and ICF (Immunodeficiency, centromeric instability, facial anomalies) syndrome are examples of monogenic disorders affecting components of the epigenetic machinery \[[@R63],[@R64]\]. Rett syndrome patients have mutations in *MeCP2* (methyl-CpG-binding protein 2) gene causing disruption of epigenetic silencing resulting in postnatal neurodegeneration in children. ICF syndrome is caused by mutations in the DNA methyltransferase gene *DNMT3B* and is characterized by defects of the immune system and developmental disorders. Alteration in the global or local methylation of DNA is commonly encountered in cancers. Many tumors show hypomethylation at promoters of growth promoting genes (e.g., *HRAS*, cyclin D2, maspin, S100A4, *MAGE* gene family, *PAX2*) or silencing of tumor suppressor genes (*RB*, *p16*, *VHL*, APC, E-cadherin). The loss of imprinting of a normally silent allele of a gene (*IGF2*) is another mechanism which contributes to cancer pathology (Wilm's tumor) \[[@R55]\]. Over-expression of the H3K27 methyltransferase EZH2 has been reported in the etiology of metastatic prostate cancer \[[@R65]\]. Lymphoma and colorectal cancers show loss of H4K16 aceytlation and H4K20 tri-methylation marks \[[@R66]\]. MLL-1, the H3K4 methyltransferase is over-expressed in acute lymphoblastic leukemia \[[@R67]\]. Mutations in CBP (CREB-binding protein), a transcription factor with histone acetytransferase activity is the cause of Rubinstein-Tabi syndrome typified by skeletal, cardiac, and neural developmental disorders \[[@R68]\].

Epigenetics in Acute or Chronic Kidney Disease {#s3b}
----------------------------------------------

Chronic kidney disease (CKD) is marked by a progressive decline in kidney function and culminates in end stage renal disease (ESRD) \[[@R69]\]. Its etiology is highly varied involving genetic and epigenetic components. Environmental insults can lead to altered metabolic states (e.g., hyperglycemia in diabetes and uremia in CKD) which in turn can trigger changes in chromatin modifications and gene expression \[[@R70]\]. Hyperglycemia in rat mesangial cells causes elevated expression of the H3K4 methyltransferase, SET7/9 and the corresponding active histone marks (H3K4me1-3) on the promoters of extracellular matrix/fibrotic genes \_*connective tissue growth factor*, *collagen1*, *plasminogen activator inhibitor-1* downstream of TGF-b1 signaling \[[@R71]\]. In this model of diabetic nephropathy the elevation in fibrotic gene expression was reversed by siRNA silencing of SET7/9 or by function perturbing antibodies against TGF-b1 which reduces SET7/9 and H3K4 association/occupancy on the promoters of these genes. The reversible nature of epigenetic modifications makes them highly amenable to therapeutics applications. This potential is exemplified by Losartan which reverses the epigenetic changes in *db/db* diabetic mice \[[@R72]\]. The identification of epigenetic markers associated with CKD will enable risk estimation and allow the optimization of treatment options for personalized medicine.

Epigenetic regulation of gene expression via micro RNAs (RNA interference) ensures normal kidney development and homeostasis \[[@R73]\]. The inactivation of dicer, an enzyme central to micro RNA synthesis in mouse podocytes leads to renal failure and lethality \[[@R74],[@R75]\]. Diabetic nephropathy in humans shows a correlation between TGF-b1 induction of miR-192 and fibrosis \[[@R76]\]. In mouse models of diabetic kidney disease both fibrosis and proteinuria were reversed following miR-192 inhibition \[[@R77]\]. For a more comprehensive listing of miRNAs associated with kidney diseases the readers are directed to the review by Smyth et al \[[@R70]\] and the references therein. Multiple large-scale association studies (GWAS) have uncovered DNA methylation targets of CKD. Some that promote renal fibrosis are *NPHP4* (*nephronophthisis 4*), *IQSEC1*, *TCF3*, *nitric oxide synthase 3* (*NOS3*), *NFkBIL2* (*NF-κB light polypeptide gene enhancer in B cells inhibitor-like2*), *TGFb3*, and *TGFb1* \[[@R78],[@R79]\].

It has been demonstrated that epigenetic modifications established during the diseased state persists long after the initial insult has been removed \[[@R13]\]. From a therapeutic standpoint, the treatment of diseases can benefit from the knowledge of altered epigenetic states at pathogenic gene loci. Elevated glucose levels cause oxidative stress owing to enhanced expression of the pro-inflammatory gene, thioredoxin-interacting protein (*TXNIP*). The oxidative injury to mesangial cells and podocytes under hyperglycemic conditions can be attenuated by the knockdown of *TXNIP* or the upregulation of histone methyltransferase *EZH2* \[[@R41],[@R80],[@R81]\]. Histone modifiers EZH2, Suv39h1 and their modifications H3K27me3 and H3K9me3 were decreased at the promoters of inflammatory genes during diabetic nephropathy. High glucose mediated upregulation of *TXNIP* expression can be countered by inhibiting histone acetylation. Also, the pathogenesis of renal fibrosis is driven by DNMT1 mediated hypermethylation of Rasal1 and can be reversed by TET3-mediated upregulation of Rasal 1. Thus, addressing the epigenetic etiology of chronic kidney diseases could offer novel therapeutic avenues.

Therapeutic Applications of Epigenetics {#s4}
=======================================

The knowledge of epigenetics offers both prognostic and therapeutic value \[[@R82]\]. Malignant tumors typically show hyper-methylation of CpG islands on tumor suppressor genes \[[@R83]\]. Hyper-methylation of *KISS1*, a suppressor of metastasis, is used in the prognosis of bladder tumors \[[@R84]\]. In other instances, hypo-methylation of DNA (e.g., *LINE-1*) is used as a bio marker of urothelial cancer risk \[[@R85],[@R86]\]. Micro-RNAs, *miR-141*, *miR-200c*, and *miR-30b* show elevated expression in bladder cancers and can be used in their diagnosis \[[@R87]\]. Drugs that function as inhibitors of DNA methyltransferases (Zebularine) or histone deacetylases (Romidepsin, Vorinostat, Panobinostat) have been employed to restore tumor suppressor functions \[[@R88]-[@R90]\]. The HDAC inhibitor Vorinostat has renoprotective properties in addition to its use in anti-cancer therapy. Other histone deacetylase inhibitors such as Lys-CoA (p300/CBP inhibitor), Valproic acid, and SAHA (suberoylanilide hydroxamic acid) could have utility in cancer therapy \[[@R91],[@R92]\] However, efficacy of these inhibitors has been offset owing to the toxicity of these inhibitors.

The success and fidelity of tissue regeneration-based therapies relies on our knowledge of gene regulatory mechanisms. It is now known that induced pluripotent stem cells (iPSCs) retain epigenetic memory of their tissue of origin \[[@R93]\]. A correlation has emerged between persistent hypermethylation in iPSCs depending on its tissue of origin and its plasticity. Cataloging of the epigenetic modifications and modifiers is essential to overcome the barriers to tissue reprogramming and to devise new approaches to ensure the success of tissue regeneration techniques.

Conclusions and Outlook {#s5}
=======================

Epigenetic modifications are important for cell lineage specification. This review enumerates some of the epigenetic aspects that ensure normal kidney development and the pathological outcomes of epigenetic dysfunction. In it we describe how the epigenetic signature of the self-renewing cap mesenchyme cells is distinct from that of the committed nascent nephron derivatives that they give rise to. We enumerate instances where the modifiers of epigenetic information (e.g., HDACs and KMTs) govern distinct aspects of renal development and the impact of environmental insults on cellular memory, epigenetic gene regulation, and disease states.

Recently, several high throughput genome-wide association studies correlating epigenetic landscapes to gene expression data (transcriptome studies) are being undertaken. Patterns of epigenetic modifications are emerging that can define cellular pluripotency, commitment, or pathological states. The advent of targeted epigenomic editors (comprising a "DNA targeting module fused to a chromatin regulator") has set us on a new path of tissue engineering and drug discovery \[[@R94],[@R95]\]. This field has the potential to offer innovative approaches for treating chronic kidney diseases as an alternative to existing renal replacement therapies such as dialysis and kidney transplantation. However, given the complexity of chromatin structure, the combinatorial nature of the epigenetic code, and the context dependent variation in epigenetic modifications the design and utility of these techniques are fraught with multiple challenges.
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![**Renal cell fate is influenced by epigenetic modifications. (A) Specification of the nephric duct and renal epithelia requires the recruitment of the MLL complex by Pax2 via the PTIP adapter protein. (B) Loss of bivalent epigenetic code in nephron-fated induced mesenchyme.** The cap mesenchyme represents the progenitors of all nephrons in the kidney. The promoters of lineage specific genes in this cell population are bivalent and carry both activation (H3K4me3) and repressive (H3K9me3, H3K27me3) methylation marks. Upon commitment to the formation of nephrons the promoters of renal-lineage genes lose the repressive marks (H3K9me3 and H3K27me3). The expression of lysine methyl transferases (Ash2l, G9a, Ezh2 and Suz12) coincide with that of their corresponding epigenetic modifications.](yjbm_89_4_565_g01){#F1}

![**Reciprocal nature of H3K4me and H3K79me expression during development.** The H3K4me3 marks are more abundant in the prenatal phase of the developing kidney while H3K79me3 levels increase during postnatal development of the kidney.](yjbm_89_4_565_g02){#F2}
